The influence of intensified and reduced training on nocturnal growth hormone (GH) secretion and elimination dynamics was studied in young (1.5 yr) Standardbred geldings to detect potential markers indicative for early overtraining. Ten horses trained on a treadmill for 32 wk in age-, breed-, and gender-matched fixed pairs. Training was divided into four phases (4, 18, 6 , and 4 wk, respectively): 1) habituation to high-speed treadmill trotting, 2) normal training, in which speed and duration of training sessions were gradually increased, 3) in this phase, the horses were divided into 2 groups: control (C) and intensified trained (IT) group. In IT, training intensity, duration, and frequency were further increased, whereas in control these remained unaltered, and 4) reduced training (RT). At the end of phases 2, 3, and 4, blood was sampled overnight every 5 min for 8 h for assessment of GH secretory dynamics using pulse detection, deconvolution analysis, and approximate entropy (ApEn). Intensified training induced overtraining (performance decreased by 19% compared with C), which was associated with an increase in concentration peaks number (3.6 vs. 2.0, respectively), a smaller peak secretion pattern with a prolonged half-life (15.2 vs. 7.3 min, respectively), and an increased ApEn (0.89 vs. 0.49, respectively). RT did not lead to full recovery for the overtrained horses. The increased irregularity of nocturnal GH pulsatility pattern is indicative of a loss of coordinated control of GH regulation. Longer phases of somatostatin withdrawal are hypothesized to be the underlying mechanism for the observed changes in GH pulsatility pattern. endocrinology; sports physiology; growth hormone-insulin-like growth factor I axis; hormone pulsatility analysis OVERTRAINING IS OFTEN SUGGESTED to be the result of an accumulation of stressors that exceed an athlete's finite resistance capacity (16, 30) . A neuroendocrine disorder at the hypothalamic-pituitary level has been suggested as the underlying cause for overtraining. Considering the overtraining syndrome, it is important to distinguish overtraining from overreaching. Overreaching occurs as a result of intensified training and is often considered normal outcome for elite athletes because of the relatively short time needed for recovery (2-3 wk). Overtraining is defined as an accumulation of training and/or nontraining stress resulting in long-term decrement in performance capacity with or without related physiological and psychological signs and symptoms of overtraining in which restoration of performance capacity may take several weeks or months (16). So far, no reliable marker for the early detection of overtraining has been described. Studies are needed to determine what the best indicator of this state is and the underlying mechanisms that cause fatigue and performance decrements.
OVERTRAINING IS OFTEN SUGGESTED to be the result of an accumulation of stressors that exceed an athlete's finite resistance capacity (16, 30) . A neuroendocrine disorder at the hypothalamic-pituitary level has been suggested as the underlying cause for overtraining. Considering the overtraining syndrome, it is important to distinguish overtraining from overreaching. Overreaching occurs as a result of intensified training and is often considered normal outcome for elite athletes because of the relatively short time needed for recovery (2-3 wk). Overtraining is defined as an accumulation of training and/or nontraining stress resulting in long-term decrement in performance capacity with or without related physiological and psychological signs and symptoms of overtraining in which restoration of performance capacity may take several weeks or months (16) . So far, no reliable marker for the early detection of overtraining has been described. Studies are needed to determine what the best indicator of this state is and the underlying mechanisms that cause fatigue and performance decrements.
Some fatigue states like in obsessive compulsive disorder and major depression as well as the state of overreaching/ overtraining are associated with changes in growth hormone (GH) pulsatility (2, 7, 27, 28) . GH is thought to play an important role in the anabolic phase after a stressful event and is important for recovery and adaptation to restore homeostatic balance. It is widely known that acute stress like exercise stimulates GH secretion, but the response of the GH axis to chronic stress is still largely unknown.
To study influences of chronic stress on the regulation of the GH axis, measurements should be done during the recovery phase favorably at night. Because, in humans, GH is secreted in a pulsatile fashion with the majority of pulses secreted at night during slow wave sleep; during the day, GH levels are, in general, very low and sometimes undetectable (18, 49) . The physiological significance of pulsatile delivery of GH lies in the fact that the episodic pattern of release is thought to be integral in the elicitation of optimal agonist function at the cellular level (36) . Because of the pulsatile release and the importance of this pulsatility for the target cells, frequent sampling is necessary for characterizing the effects of changes in GH pulsatility.
One of the reasons for the lack of information on GH pulsatility might be the difficulty to study episodic hormonal secretion, because changes in GH secretory events cannot be directly inferred from GH time series. Plasma GH concentration reflects the result of three simultaneous processes: basal secretion, pulsatile secretion, and clearance. Older pulse detection programs are not able to distinguish between these three processes. However, pulse detection algorithms based on deconvolution analysis are able to provide information about the secretion as well as the elimination kinetics of each pulse at the same moment and can reveal underlying mechanisms. Pulsatility is modulated by feedforward and feedback signals with the neuroendocrine axis, thereby conferring physiological regulation that sometimes results in rather irregular hormone concentrations over time (55) . Clear pulse identification and interpretation of the consequences of altered pulsatile hormone secretion can be very difficult in such irregular GH time series. Approximate entropy (ApEn) quantifies the regularity or or-derliness of time series without the need to identify discrete pulses (39, 55) . Thus, although the pulsatility algorithms analyze individual pulses, ApEn analyzes patterns in the complete data series representing more complex and integrated feedforward and feedback signals. Therefore, ApEn will detect changes in underlying episodic behavior not visible and or reflected in the mean variance of hormone concentrations or in peak occurrences or amplitudes.
The pituitary gland synthesizes different GH isoforms (9, 12) . GH at 22 kDa is considered the classic GH and is the most abundant isoform in the circulation of humans. GH at 20 kDa represents ϳ10% of the total circulating GH. Fragmentation of intact GH forms (22 and 20 kDa) has been demonstrated (9). However, both the presence and significance of circulating GH fragments require further research and experimental confirmation. Polyclonal or monoclonal antibodies are routinely employed in GH measurement. Considering the molecular heterogeneity of GH and the difference in bioactivity between the GH variants, it is important to take into account the method of measurement and the used antibodies when evaluating studies (9) . The available assays for detection of GH concentrations use different monoclonal and polyclonal antibodies directed at specific epitopes on the GH molecule. Because the variant molecular forms of GH may or may not have these intact epitopes spatially accessible to these antibodies, the results obtained for GH concentrations with different assays from the same sample can vary (36) . Therefore, the outcome of a study should be related to the possibilities of the selected assay.
It has been shown that overtraining can be experimentally induced in Standardbreds (5, 14, 17, 45, 46, 47) , which gives the opportunity to study the pathophysiology of early overtraining and search for potential diagnostic markers. The earliest sign of overtraining in these horses was the inability to complete the intensive training associated with increased irritability and reluctance to exercise (2, 3) . The symptoms of overtraining in horses resembles the symptoms in overtrained humans, which might indicate that the horse is a good model to study overtraining syndrome.
In the current study, a protocol for inducing early overtraining was used in horses to study the influence of chronic stress on the GH-IGF-I axis to find a possible marker for early overtraining. It was hypothesized that nocturnal GH secretion would alter in the lightly overtrained horses. More in particular, we hypothesized that, in the overtrained/overreached situation, decrements in mean GH peak amplitude and peak area under the curve (AUC) will occur, whereas the secretion pattern of GH becomes more irregular. In contrast to earlier studies (2, 7, 27, 28) , the current study separates the different processes determining plasma GH concentration using deconvolution analysis and ApEn. The deconvolution analysis was performed with data obtained by a polyclonal enzyme-linked immunosorbent assay (ELISA) horse GH assay. Although it is well recognized that this type of assay cannot differentiate between the biological active and inactive epitopes of GH, we hope that this study, which is the first in its kind, instigates future studies with more specific GH assays.
MATERIALS AND METHODS

Animals.
Twelve Standardbred geldings were used in this study. They were trained in two groups of six for logistical reasons. Per year, six horses were trained in three couples of two horses. Each test horse had its own age-matched control, and these formed a couple (pair) during the whole session. These individual couples underwent identical daily routines. Horses were aged 20 Ϯ (SD) 2 mo and had a body weight of 368 Ϯ 45 (SD) kg at the beginning of the experiment. The horses had no known history of health and exercise problems and had not previously been involved in any kind of organized exercise or training regimen. The horses were owned by the Faculty of Veterinary Medicine of the University of Utrecht. The horses were individually housed in box stalls, and their diet consisted of grass silage supplemented with concentrated feed and vitamin supplements and met nutrient requirements for maintenance and performance [58 MJ net energy (range 54 -66)]. Salt blocks and water were available ad libitum. The experiments were approved by the Committee for Animal Welfare at the Faculty of Veterinary Medicine, Utrecht University.
Experimental setup. Before the start of the experiment, the horses were acquainted with the Equine Exercise Laboratory and were acclimatized to running on the high-speed treadmill (Mustang 2000; Kagra, Graber, Fahrwangen, Switserland). The training period consisted of a total of 32 wk divided into four phases. A schematic representation of these phases is provided in Fig. 1 . At the end of phases 1, 2, 3, and 4, the horses performed a standardized exercise test in the morning between 0730 and 1230 to monitor performance improvement. GH profiles were collected on the same day from 2200 -0600 at the end of phases 2, 3, and 4.
Training. All training sessions and exercise tests were performed on a high-speed treadmill.
Each training session was preceded by a 30-min warm-up walk in a horse walker followed by an 8-min warm-up at the treadmill, which consisted of 4 min of walking at a speed of 1.6 m/s and 4 min of slow trotting at a speed of 3.0 -4.0 m/s (no incline). Each training session ended with a cooldown that consisted of a 5-min walk at the treadmill followed by a 30-min walk in the horse walker. On the resting days, the horses walked for 60 min in a horse walker.
To standardize training to the individual exercise capacity of the horses, training and exercise intensity was adapted to the maximal individual heart frequency. However, an incremental exercise test was difficult to perform for the young, relatively untrained horses. In a previous study with 2-to 3-yr-old Standardbred stallions, an average maximal heart frequency (HF max) of 240 beats/min was obtained (5) . This HFmax was used in this study as an estimated maximum (HFest-max) to guide training intensity (speed and inclination) on the treadmill. Training intensity was adjusted on a weekly basis to the measured peak HFs (Polar S610; Polar Electro, Kempele, Finland) during training sessions. The study was divided into four phases after accommodation to exercise. The training program was constructed as follows.
Phase 1 (habituation phase, 4 wk). Week 1 of phase 1 consisted of 3 times/wk exercise at 30% HFest-max for 20 -30 min/session, week 2 consisted of 4 times/wk exercise at 30% HFest-max for 25-45 min/ session, week 3 consisted of 4 times/wk exercise at 40% HFest-max for 30 -45 min/session, and week 4 consisted of 4 times/wk exercise at 50% HFest-max for 35-45 min/session.
Phase 2 (normal training phase, 18 wk). Training in phase 2 consisted of mixed endurance training (ET) and high-intensity interval training (HIT). Days of ET were alternated with HIT. An ET session consisted of continuous trotting for 20 -24 min at 60% HFest-max or trotting for 16 -18 min at 75% HFest-max. Each HIT session contained either three 3-min bouts or four 2-min bouts of exercise at 80 -85% HFest-max interspersed by 3-or 2-min recovery bouts at 60% HFest-max. The horses exercised 4 days/wk throughout this training period. We considered that, in this phase, training could be performed without excessive effort by the horses; therefore, we called this the normal training phase.
Phase 3 (intensified training phase, 6 wk). In phase 3, one horse of each couple was randomly selected and subjected to an intensified training program, whereas the other horse continued training at the volume, intensity, and frequency it received in phase 2. The intensified training regimen consisted of alternating days of HIT and ET as described in phase 2 for 6 days/wk during the first 3 wk. For the last 3 wk, horses were trained 7 days a week, HIT four times and ET three times. Exercise intensity during ET was gradually increased to 24 -35 min at 60 -75% HF est-max. High-intensity exercise gradually increased to five 3-min bouts at 80 -85% HFest-max interspersed with 2-min periods at 60% HFest-max or six 2-min bouts at 80 -85% HFest-max interspersed with 1-min periods at 60% HFest-max. We anticipated that this training schedule was heavy for the animals.
Phase 4 (reduced training phase, 4 wk).
In phase 4, all horses performed ET for 20 min at 60% HF est-max for 3 days and 70% HFest-max for 1 day a week.
Standard exercise test. Four standardized exercise tests (SETs 1-4) were performed on the final day of each phase to monitor performance. Before the SET started, horses walked for 30 min in the horse walker followed by a warm-up on the treadmill that consisted of 4 min walk (1.6 m/s) and 4 min of trotting at 4.5 m/s. Next, after 1 min of additional walking at 1.5 m/s, horses trotted for 20 min at ϳ80% HF est-max. Finally, horses were allowed to cool down for 5 min at 1.5 m/s. Heart frequency was monitored constantly with a Polar S610 heart rate meter and continuous electrocardiographic monitoring (Cardio Perfect Stress 4.0; Cardio Perfect, Atlanta, GA). In phases 3 and 4, the speed and inclination were not increased further. This made a comparison between the tests possible. Venous blood was drawn from the jugular vein before the test [time (t) ϭ 0 min], after the warming up (t ϭ 9 min), every 5 min during the SET (t ϭ 14, 19, 24, and 29 min), and after the cooling down (t ϭ 34 min) for measuring whole blood lactate concentrations. Samples were kept on ice until analysis (ABL-605 Radiometer; Copenhagen, Westlake, OH).
GH profiles.
To study pulsatile GH secretion, blood was drawn via an indwelling catheter in the jugular vein at 5-min intervals for 8 h from 2200 until 0600 at the end of phases 2, 3, and 4. During the experiment, the horses were kept in their own stables, allowing them to follow their normal nightly activities such as sleeping. The last feeding of concentrates was at 1800 and of grass silage at 1930. Blood samples for GH were drawn into lithium heparin tubes on ice and centrifuged (Rotina 48R; Hettich Zentrifugen, Tuttlingen, Germany) at 4°C for 10 min at 2,778 g. The resulting plasma was stored at Ϫ20°C until assayed for hormone concentrations.
In addition, serum was sampled for the determination of basal IGF-I concentrations at the end of each phase on the same day as the GH profiles were collected. Serum was stored at Ϫ20°C until assayed for hormone concentration.
Hormonal assay. GH concentrations were quantitated by an automated polyclonal ELISA designed for measurement of equine GH (DSL-10 -75100 Equine GH Coated Well ELISA kit; Diagnostic Systems Laboratories, Webster, TX). The assay protocol described by the manufacturer was followed. The assay was validated with respect to specificity, parallelism, and repeatibility. Aliquots of equine heparinized plasma with GH concentrations of 50 ng/ml were diluted 1:2, 1:4, 1:8, 1:16, 1:32, and 1:64 with zero assay standard. In plasma diluted with zero standard, parallelism was observed with 97.9% of expected GH concentrations measured on the average. Sensitivity of the assay, defined as 10% suppression of the calibration curve (n ϭ 8 zero-concentration standards), was 0.16 ng/ml for GH in plasma. When equine GH standards were used with concentrations of 0, 1.5, and 10 ng/ml, 101, 106, and 98.4% of exogenous hormone, respectively, was measured in the assay. Assay repeatability was assessed by calculation of intra-and interassay coefficients of variation (CV) for http://ajpregu.physiology.org/ two pools of equine plasma with mean GH concentrations of 1.5 and 10 ng/ml. Respective intra-assay CV were 9.59 and 9.91% (n ϭ 10 and 15 determinations, respectively). Respective interassay CV were 9.48 and 8.71% (n ϭ determinations in 12 assays).
In addition, uncertainties (SD) of each GH concentration were estimated empirically considering that variances were associated with assay response and standard curve evaluations. Subsequently, confidence limits for the standard curve parameters were calculated. Briefly, 10 standard solutions (range 1,5-50 g/l) were obtained from the manufacturer. These control solutions were assayed 10 times. From the resultant absorbance values, a precision profile (CV against concentration) over the dynamic range of the assay was calculated according to Ekins (11) and Hunter (21) . With the resulting mathematical function, CV values for all measured GH data points were calculated.
Total serum IGF-I concentrations were measured in a heterologous radioimmunoassay as described previously by Nap et al. (35) , after extraction with acid ethanol. The efficiency of extraction was 85-90%. Curves obtained with serial dilutions of equine plasma spiked with IGF-I were parallel to the standard curve, and the intra-assay and interassay CV were 3.2 and 15.6%, respectively (8, 31) .
Pulse analysis algorithms. GH concentration data series were analyzed with a pulse detection program not based on deconvolution analysis called Cluster 8 (UVA Pulse Analysis Software, Charlottesville, VA; see Ref. 52) . This program provides parameters like the overall mean GH concentration (g/l), 8-h integrated AUC, and characteristics of GH concentration peaks, such as the number of concentration peaks in 12 h, the mean interval between peaks, the mean peak width (i.e., duration), the mean peak height (i.e., amplitude), and the mean area under the peaks. For the 5-min interval GH curves, the Cluster program was configured in a 3 ϫ 3 fashion, defining significant peaks with three samples and significant nadirs with three samples and a t-statistic of 3.0 for the upstroke and downstroke as advised by Johnson (25) .
A pulse analysis algorithm based on deconvolution analysis called Autodecon (UVA Pulse Analysis Software) was used to separate the three continuous processes determining the GH concentration at one time. It calculates from the GH concentration data series a secretion curve (Fig. 3 ) and provides parameters on basal secretion (basal secretion velocity), pulsatile secretion (the number of secretory bursts per 8 h), half-duration of burst (duration at half-maximal amplitude), mean interval between secretory bursts, mean secretory burst mass, mean secretory burst amplitude (i.e., maximal secretory rate), and elimination (GH half-life) (53) .
Additional calculations included the 8-h basal GH secretion (basal secretion rate ϫ 480 min), 8-h pulsatile GH secretion (mean burst mass ϫ number of secretory bursts), 8-h total GH secretion (i.e., the sum of basal and pulsatile secretion), and the ratio of pulsatile to total GH secretion.
Initially the PULSE2 program (UVA Pulse Analysis Software) was used to estimate the number and position of secretory bursts that might comprise the final GH concentration profile. The file generated by PULSE2 was then used in the deconvolution analysis program, where iterative nonlinear least squares parameter estimations at 95% statistical confidence intervals were used to quantify all aforementioned parameters of secretion and elimination. Values below the minimal detectable concentration of the assay were reported by the laboratory and used for the analysis with an uncertainty based on the precision profile as advised by Johnson (24) .
Peaks are defined as the GH peaks in the GH concentration data series. Bursts are defined as the GH peaks in the calculated secretion curve.
ApEn (UVA Pulse Analysis Software, Charlottesville, Virginia) statistic was used as an estimate of the regularity of the GH release process in each condition. ApEn is a single value calculated for a hormone time series, where a higher ApEn denotes greater process irregularity or greater disorderliness of hormone release (39, 40) . The
ApEn analysis was applied with parameters of m ϭ 1 (i.e., run length), r ϭ 0.20 (i.e., tolerance window), and 1,000 Monte Carlo simulations/ series.
Statistics. All data are expressed as means Ϯ SD. Statistical analysis was performed using a linear mixed-effects model with a one-step autoregressive process (SPSS version 14.0 for Windows; SPSS, Chicago, IL). Random factor used was horse; fixed factors used were couple, group, phase, and group ϫ phase. There were no significant differences found between couples for the calculated parameters; therefore, a significant year effect could be excluded. A P value Ͻ0.05 was considered significant.
RESULTS
Because of injury, two horses [1 control horse and 1 horse from the intensified training group (IT) from the same pair] were not able to complete the training. Analysis is therefore based on the remaining 10 horses.
The SETs were performed throughout the experiment to monitor performance. During SET 1, horses trotted on a speed of 6.5-7.0 m/s with no incline, during SET 2, 3, and 4, the horses trotted on a speed of 7.5-8.5 m/s with a treadmill inclination of 1-4%. SET 2, 3, and 4 were performed on the same incline and speed to make valid comparisons possible.
During the intensified training phase, the IT horses changed their gait on the treadmill to canter instead of trotting. Regarding the IT group, horses maintained trotting at high speeds during SET 3 for 15.8 Ϯ 2.1 min only compared with 19.2 Ϯ 1.6 min (P ϭ 0.036) in control horses. IT horses started cantering frequently at the beginning of SET 3 despite humane encouragement to trot or even stopped. As a consequence, the mean duration of trotting during SET 3 was decreased significantly by 19% in the IT group compared with control horses.
Complete lactate datasets were only present for the first 15 min of the SET because of the decrease in SET duration for the IT group after the intensified training phase (Table 1) . A right shift of the lactate curve after the intensified training phase compared with the training phase was observed for the IT group with a significant difference in mean blood lactate concentration at t ϭ 14 min (P ϭ 0.034), t ϭ 19 min (P ϭ 0.043), and t ϭ 24 min (P ϭ 0.011) (see Table 1 ). Also, a significantly decreased mean maximum blood lactate concentration was measured at the end of the SET for the IT horses (4.3 Ϯ 2.2 vs. 8.3 Ϯ 1.5 mmol/l, respectively). At the end of reduced training, the maximum lactate levels were significantly lower for the IT group (5.1 Ϯ 2.1 mmol/l) compared with the control group (9.1 Ϯ 4.8 mmol/l) (data not shown). Maximum lactate levels were obtained at the end of the SETs for each individual horse.
In Fig. 2 , mean GH data series are shown for the control and the IT group after the training and the overtraining phase, showing an obvious increase in the baseline for the IT group compared with the control group after a period of intensified training (Fig. 2B) . Figure 3 shows the GH concentration curve and the calculated GH secretion curve for an intensively trained and a control horse after the intensified training phase. Figure 4 shows the individual GH data series for the IT group and the control group after the intensified training phase. The mean results of the pulse detection and the deconvolution analysis/ApEn are shown in Tables 2 and 3, respectively. GH pulsatility parameters were not significantly different between the two groups after a period of training (phase 2).
Intensified training increased the number of concentration peaks, prolonged GH half-life, and increased the ApEn value for the IT group compared with the control group (P ϭ 0.004, 0.011, and 0.039, respectively). Reduced training significantly decreased peak half-duration (P ϭ 0.031) and the interval between secretion peaks (P ϭ 0.020) for the IT group compared with the control group.
Intensified training significantly increased the number of concentration peaks (P ϭ 0.042) for the IT group compared with phase 2. Reduced training significantly decreased ApEn values (P ϭ 0.023), the number of concentration peaks (P ϭ 0.000), and half-life (P ϭ 0.045), whereas interval between the concentration peaks (P ϭ 0.036) and the duration of the concentration peaks (P ϭ 0.042) significantly increased for the IT group compared with the intensified training phase.
For the control group, reduced training significantly decreased the number of secretion bursts (P ϭ 0.043) compared with phase 3, in which the animals continued training as in the last couple of weeks of phase 2.
Basal IGF-I concentrations did not differ significantly between phases or groups, as shown in Table 3 .
DISCUSSION
In this study, we were able to quantitate the influences of prolonged exercise stress on nocturnal GH pulsatility modalities and regularity. We showed, for the first time, an increase in irregularity (ApEn) combined with an increase in GH pulse frequency and half-life in intensively trained horses, indicating that the GH-IGF-I axis shows pathophysiological adaptation to increased exercise stress.
SET. The intensified trained group in the current study showed an 19% reduction on the average in treadmill trottingtime-to fatigue compared with the control horses. The drop in performance seen in the current study is similar with the reduction on the average in treadmill run-time-to fatigue by 14% as reported by others in horses (14) . Extending the trot can have profound energetic requirements that could limit performance compared with cantering (58) . Given the fact that Standardbred horses are bred for trotting and taking into account the lower energetic costs of cantering, IT group clearly showed a loss of performance, indicative for overreaching or maybe even overtraining (29, 32) .
In addition, the intensified training phase induced a right shift of the lactate curve and diminished maximum lactate levels at SET 3 for the intensified trained horses. A right shift of the blood lactate curve is often associated with an improvement in performance in humans, but both optimal training and overtraining can induce a right shift of the lactate curve, (4, 23) . A decrease in submaximal blood lactate can result from a decreased production, or an increased utilization by muscle and other organs (4) . ET improves lactate utilization in humans (4, 10), whereas overtraining seems to decrease muscle lactate production capacity in humans (4, 23) . Several mechanisms have been proposed to explain this decrease. It is suggested that, not the amount of substrate in the muscle, but the capacity to mobilize the substrate available is the critical factor. Mobilization of substrate is influenced by several hormones, among them the stress hormones epinephrine/norepinephrine, corticosteroids, and GH (1, 2, 3) . The combination of a loss of performance and a right shift in the lactate curve might indicate that overreaching/overtraining has caused this right shift.
GH pulsatility. An important finding was the increase in ApEn after the intensified training phase for the IT group. ApEn quantities the orderliness of the subordinate (ϭ nonpul- satile) secretory GH patterns. A larger GH ApEn value denotes greater irregularity and has been reported during puberty and in patients with acromegaly and Cushing's disease (41, 48) . Decreased regularity could reflect impaired coordinate control of GH secretion by GH-releasing hormone (GHRH), somatostatin, GH, and/or IGF-I.
The main difference found with the peak analysis program (Cluster8) is an increase in GH peak frequency for the IT group at the end of the intensified training phase (Table 2 ). This increase is accompanied by a significant increase in mean peak duration and interval after the reduced training phase, reflecting the decrease after the overtraining phase. Summarized, the GH pulsatility pattern changed to more frequent, smaller concentration peaks for the intensified trained horses. There are no reports on the influence of overtraining on nocturnal GH pulsatility, but a few studies report on the influence of training on nocturnal GH pulsatility in humans (3, 57). Weltman et al. (57) reported an amplification of the pulsatile release of GH in women undergoing 1 yr of aerobic training above the lactate threshold. Training increased GH peak amplitude, nadir GH concentration, GH peak area, and 24-h GH concentration. These data might suggest that amplitude modulation of GH pulses induced by moderate training precedes alterations in pulse number induced by intensified training/early overtraining. Studies in humans reporting on the influence of fasting on nocturnal GH pulsatility found similar results. Partial fasting resulted in increases in amplitude (37) , and pure fasting in increases in GH pulse frequency (6, 19) .
The increased frequency in concentration peaks after intensified training (Table 2) was not accompanied by an increase in secretion bursts (Table 3) in the current study. This is in contrast with our expectations, because large peaks of plasma GH concentrations often reflect the occurrence of a succession of secretory pulses. Hartman et al. (18) found that only 4% of GH secretion occurred as isolated single bursts in humans, and that these single secretory episodes had very low amplitudes. This is also the case in our horses, because the deconvolution analysis revealed the existence of ϳ80% more pulses than detected in the plasma profiles by pulse detection with the Cluster program in both groups. An explanation for the discrepancy found during the intensified training phase for the IT group might be the fact that the deconvolution program had more difficulty in fitting the curves of the IT group because of the increase in disorderliness as shown by the increase in Fig. 4 . Individual nocturnal GH profiles for the intensified trained (IT) and the control (C) group as well as the mean nocturnal GH profile for the IT and C group after the intensified training phase. ApEn. This could have led to an underestimation of the GH pulse frequency. In addition, Fig. 3 shows that the interpeak (basal) serum GH concentrations rose simultaneously with increasing GH secretory pulse frequency, probably because the decay of the serum GH concentration from previous peaks was not complete before the next high-amplitude pulse occurred. This has already been described for exceptionally irregular GH patterns associated with acromegaly in humans (51) . When identification of the individual secretory pulses fails, secretory pulses are combined, which leads to longer half-lives.
The underestimation of secretory pulses probably caused the prolonged GH half-life after phase 3 for the IT horses. However, other less likely explanations could be 1) a decrease in metabolic clearance rate as described in patients with chronic liver disease because of decreased liver production of IGF-I and hence an impaired negative feedback (34) and in renal disease because of impaired glomerular clearance of GH (43); and 2) an increased concentration of binding proteins, and consequently an increase in the amount of bound GH (54) .
Four weeks of reduced training were integrated in the current experiment to evaluate the duration of the effects induced by intensified training. The control group did not show any differences in GH pulsatility resulting from the prolongation of the normal training (phase 2 compared with phase 3). However, reduced training significantly decreased the number of bursts (Table 3) back to training levels, indicating that the (prolongation of the) training might have had some influence on GH pulsatility. Based on these data, the above-mentioned hypothesis on adaptation of GH pulsatility to training stress could be modified into the following. Moderate training seems to influence amplitude of GH pulses, prolonged moderate training influences number of GH pulses, and prolonged heavy training or early overtraining seems to induce a loss of regularity of GH pulsatility.
The nocturnal GH profile of the IT group was changing in the same direction as the control group during reduced training; however, secretion pulses were still smaller and more frequent, indicating that complete recovery was not yet reached.
The combination of changes in GH secretion dynamics drove us to hypothesize about which pathophysiological mechanism could cause these alterations. Based on the model that GHRH predominantly increases GH pulse amplitude whereas somatostatin primarily controls GH pulse frequency (19) , these results suggest that intensified training in young Standardbred horses primarily increases somatostatin withdrawal intervals so that GH burst frequency is increased, whereas less-demanding training predominantly influences GHRH by increasing GH pulse amplitude. This corresponds readily to the decrease in serial regularity of GH release implicit in the higher ApEn values in the intensified trained horses, suggesting a relative loss of coordinated somatostatin and GHRH release, which normally would give rise to organized pulses of GH release (56) . It also correlates to the reported finding that stress hormones like endogenous opiates and catecholamines stimu- late GH secretion by inhibiting somatostatin release in hamsters (3). It is hypothesized that the intensified training might have induced increased levels of stress hormones like catecholamines with a result being decreased levels of somatostatin allowing high-frequency GH pulsatility. What could be the beneficial effects of this adaptation of GH pulsatility for the overtrained horses? Pulsatile delivery of intravenous GH has been shown to be more effective than continuous delivery for upregulation of GH-modulated tissue (3, 22) . GH pulses tend to promote optimal linear and muscular growth, whereas continuous GH stimulation modulates carbohydrate and lipid metabolism via induction of hepatic IGF-I synthesis and expression of GH receptor as well as low-density lipoprotein receptor (50) . This might explain the adaptations seen after training in which increases in pulse amplitude mimic a more continuous GH stimulation important for adaptations in metabolism, whereas overtraining asks for more rigorous and effective adaptations like increases in pulsatile delivery to keep homeostatic balance.
Several reports describe the influence of acute exercise on nocturnal GH secretory dynamics in humans by pulse detection analysis (26, 27, 36) . In general, exercise of sufficient duration and intensity at the end of the day influences the temporal release of overnight GH release not at all, or it shifts GH secretion toward the second half of the night, possibly caused by an increase in the stress hormone cortisol during early sleep induced by intensive exercise at the end of the day. Increased cortisol concentrations impair the GH secretion during early hours of sleep and diminish the anabolic response (27, 36) . One study used deconvolution analysis to analyze GH secretory dynamics after acute heavy resistance exercise at the end of the day. They reported increased secretory burst frequency and decreased mean interval between bursts, mean burst mass, and mean burst amplitude and thereby increased ApEn (44) , which are similar results as we found in the intensively trained horses. It is possible that acute stress and chronic stress might elicit the same alteration in GH pulsatility. However, further research is needed to confirm this hypothesis.
Perspectives and Significance
To the best of our knowledge, we have demonstrated for the first time that intensified training for 6 wk alters nocturnal GH pulsatility in young Standardbred horses compared with a control group by a diminished coordinated GH secretion. The signs and symptoms occurring at the end of the intensified training phase and the persistence of some of the signs and symptoms during the reduced training might indicate that the IT group was not fully recovered at the end of reduced training. This might lead to the conclusion that an early stage of overtraining was induced during this experiment. It is hypothesized that the change in nocturnal GH pulsatility pattern is of benefit for the intensively trained horse by promoting a reestablishment of homeostatic balance, which improves recovery of and adaptation to the increased training load/stress. Longer periods of somatostatin withdrawal are expected to be the underlying mechanism for the observed changes in GH pulsatility pattern. Diminished GH secretion is described for athletes suffering overtraining in a more advanced stage (2) . The mental and physical stress implied by this approach seemed to be enough to induce symptoms associated with early overtraining. Under these circumstances, the horse could serve as a model for humans for studying overtraining or possibly other stress-related pathophysiological mechanisms, since patterns of inducing overtraining seemed to be similar to humans.
